Male infertility has become a worldwide health problem, but the etiologies of most cases are still unknown. SEPT12, a GTP-binding protein, is involved in male fertility. Two SEPT12 mutations (SEPT12 T89M and SEPT12 D197N ) have been identified in infertile men who have a defective sperm annulus with a bent tail. The function of SEPT12 in the sperm annulus is still unclear. Here, we found that SEPT12 formed a filamentous structure with SEPT7, SEPT 6, SEPT2 and SEPT4 at the sperm annulus. The SEPT12-based septin core complex was assembled as octameric filaments comprising the SEPT proteins 12-7-6-2-2-6-7-12 or 12-7-6-4-4-6-7-12. In addition, the GTP-binding domain of SEPT12 was crucial for its interaction with SEPT7, and the N-and C-termini of SEPT12 were required for the interaction of SEPT12 with itself to polymerize octamers into filaments. Mutant mice carrying the SEPT12 D197N mutation, which disrupts SEPT12 filament formation, showed a disorganized sperm annulus, bent tail, reduced motility and loss of the SEPT ring structure at the sperm annulus. These phenotypes were also observed in an infertile man carrying SEPT12 D197N .
INTRODUCTION
Approximately 10-15% of couples worldwide are affected by reduced fertility, and in roughly half of these cases the defects can be traced to the men (WHO, 1999; Jarow et al., 2002) . A large proportion of infertile men have defects in the process of spermatogenesis (spermatogenetic defects). Although many pathways involved in this process have been elucidated in the past decade, the etiologies of most cases of male infertility remain unclear.
SEPT12, a GTP-binding protein with GTPase activity, has been implicated in sperm morphogenesis and male infertility. Mouse Sept12 (Mm.87382) expression is restricted to spermatogenic cells (Hong et al., 2005; Lin et al., 2009 ). Sept12 +/2 chimeric mice (generated by gene targeting) are sterile with various sperm defects, including a bent tail and maturation arrest at the round spermatid stage (Lin et al., 2009 ). In addition, two SEPT12 mutations (SEPT12 T89M and SEPT12
D197N
) and one sequence variant (c.474G.A) have been identified in infertile men with distinctive sperm pathology, such as a defective annulus with a bent tail Lin et al., 2012) . The two missense mutations are located within the GTP-binding domain of SEPT12. A consensus GTP-binding domain exists in all septins, and this promotes GTP binding and hydrolysis (Weirich et al., 2008) . The two missense mutations abolish GTP hydrolytic activity, interfere with GTP binding, and profoundly perturb SEPT12 filament formation, resulting in male infertility. Thus, the SEPT12 filament is indispensable for reproduction. However, its composition in sperm is still unknown.
SEPT12 belongs to the septin family, which is a new type of cytoskeletal filament with conserved GTPase activity. Septins self-assemble into a core hexamer or octamer, which further elongates to form filaments or rings, thereby regulating various biological processes, for example, by serving as a membrane diffusion barrier or scaffold, or to alter membranous curvature (Mostowy and Cossart, 2012) . Thirteen functional septin genes (SEPT1 to SEPT12 and SEPT14; SEPT13 is a pseudogene) have been identified in humans. Based on sequence similarity, these septins are sub-divided into the following four subgroups: the SEPT2 subgroup (including SEPT1, SEPT2, SEPT4 and SEPT5), the SEPT3 subgroup (SEPT3, SEPT9 and SEPT12), the SEPT6 subgroup (SEPT6, SEPT8, SEPT10, SEPT11 and SEPT14), and the SEPT7 subgroup (SEPT7) (Kinoshita, 2003) . It has been shown that the septin core hexameric complex contains members of the SEPT2, SEPT6 and SEPT7 subgroups, whereas octamers also include SEPT3 subgroup members (Sellin et al., 2011; Sellin et al., 2014) . Septins in the same septin family subgroup can act as substitutes for one another at the same position of the core complex (Kinoshita, 2003; Sellin et al., 2011) .
Crystallographic analysis of the mammalian septin core complex containing SEPT2, SEPT6 and SEPT7 has demonstrated that this complex is composed of elongated hexamers arranged in the order SEPT7-SEPT6-SEPT2-SEPT2-SEPT6-SEPT7 (Sirajuddin et al., 2007) . Thus, the septin core complex is composed of a linear heterooligomer with mirroring symmetry, and it polymerizes into filaments with end-to-end associations. The interacting domains of these septins have also been identified. The subunits interact with each other through alternating G-and NC-interfaces. The Ginterfaces comprise the GTP-binding domains, whereas the NCinterfaces involve both the N-and C-terminal domains. The guanine-nucleotide-binding capacity of septins is vital for septinseptin interactions, filamentous organization and ring formation. Thus, the guanine nucleotide binding of septins is important to ensure structural integrity (Versele and Thorner, 2004; Nagaraj et al., 2008; Sirajuddin et al., 2009) .
In the present study, we found that SEPT12 formed an octametric filament with SEPT7, 6, and 2 in the order 12-7-6-2-2-6-7-12 and that SEPT4 occupied the same position as SEPT2 to organize a 12-7-6-4-4-6-7-12 filament at the sperm annulus. Defects in GTP binding and the GTP hydrolytic activity of SEPT12 (SEPT12 D197N and SEPT12 T89M ) interfered with the SEPT12-SEPT7 interaction and dissociated SEPT12 from the SEPT7-SEPT6-SEPT2 complex. A loss-of-function mutation of SEPT12 (SEPT12 D197N ) in an infertile man was shown to result in a disorganized annulus and bent sperm tail due to disrupted SEPT12 filament formation. In addition, the sperm of SEPT12 D197N/D197N mutant mice had a defective annulus, bent tail and reduced motility. Thus, the 12-7-6-2 or 12-7-6-4 SEPT filament maintains the structure of the sperm annulus and supports the mechanical integrity of sperm for proper maturation.
RESULTS

SEPT12 colocalizes with SEPT7, SEPT6, SEPT2 and SEPT4 in the sperm annulus
The sperm annulus is a submembrane SEPT ring structure demarcating the midpiece and the principle piece of the sperm tail (supplementary material Fig. S1A ). To date, the best description of the complex of mammalian SEPT2, SEPT6 and SEPT7, which belong to the SEPT2, SEPT6 and SEPT7 subgroups, respectively, includes the formation of an elongated hexamer in the order SEPT7-SEPT6-SEPT2-SEPT2-SEPT6-SEPT7, as shown by crystallographic analysis (Sirajuddin et al., 2007) . SEPT12, which belongs to the SEPT3 subgroup, is believed to assemble into octamers with SEPT7, SEPT6 and SEPT2 subgroup members and then to elongate to form longer filaments. To investigate the SEPT12 filament at the sperm annulus, we examined the protein localization of SEPT12 with SEPT7, SEPT6 and SEPT2 in normal subjects (healthy humans). Immunofluorescence staining of the sperm of a control subject showed strong SEPT12 signals at the sperm annulus, which is located at the distal end of the mitochondria (supplementary material Fig. S1B ). The signals of SEPT7, SEPT6 and SEPT2, similar to SEPT12, were observed at the sperm annulus, indicating that SEPT12, SEPT7, SEPT6 and SEPT2 are annulus components. Indeed, double-staining with two antibodies showed that SEPT12 colocalized with SEPT7, SEPT6 and SEPT2 (Fig. 1A-C, insets) . Thus, SEPT12, SEPT7, SEPT6 and SEPT2 colocalized in the sperm annulus of normal subjects, suggesting that SEPT12 can form a filamentous complex with SEPT7, SEPT6 and SEPT2 in the sperm annulus. SEPT4, which belongs to the SEPT2 subgroup, is a well-known component of the sperm annulus (Ihara et al., 2005; Kissel et al., 2005) . We further investigated whether SEPT4 has a role in the SEPT12-associated filament at the sperm annulus. Immunostaining revealed that SEPT4 was located at the sperm annulus (supplementary material Fig. S1B ) and colocalized with SEPT12 ( Fig. 1D, insets) , suggesting that SEPT4 also forms a complex with SEPT12 in the sperm annulus.
SEPT12 forms an octametric filament with SEPT7, SEPT6 and SEPT2 or SEPT4 in the order SEPT 12-7-6-2 or 12-7-6-4
We next examined whether SEPT12 interacted with SEPT7, SEPT6, SEPT2 and SEPT4. NT2/D1 cells from a human testicular embryonic carcinoma cell line were co-transfected with different septin-expressing constructs and cell extracts were analyzed by immunoprecipitation. SEPT7, SEPT6, SEPT2 and SEPT4 could be detected when SEPT12 was immunoprecipitated ( Fig. 2A ) and vice versa (Fig. 2B ). These data imply that SEPT12 forms complexes with SEPT7, SEPT6, SEPT2 and SEPT4 in NT2/D1 cells. We further assessed the expression pattern of SEPT12 by immunostaining. Ectopic expression of SEPT12 led to the formation of a filamentous structure, as previously shown (Ding et al., 2007; Steels et al., 2007; Ding et al., 2008) . SEPT7, SEPT6 and SEPT2 were colocalized with filamentous SEPT12 (Fig. 2C) . Thus, SEPT12 interacts with SEPT7, SEPT6 and SEPT2 and forms cytoplasmic filaments in NT2/D1 cells.
We further examined the assembly order of SEPT2, SEPT6, SEPT7 and SEPT12 within the SEPT12 complex. Different septins were co-expressed in 293T cells, and GFP-SEPT12 was used as a bait to capture SEPT2, SEPT6 and SEPT7. Following the transfection of all four septin plasmids, SEPT2, SEPT6 and SEPT7 were co-precipitated with GFP-SEPT12 (Fig. 3A , line 1) but not with GFP (Fig. 3A, line 5) , demonstrating the specificity of the immunoprecipitation assay. In the absence of SEPT2 overexpression, SEPT12 still associated with SEPT6 or SEPT7, suggesting that the interaction between SEPT12, SEPT6 and SEPT7 is independent of SEPT2 (Fig. 3A, line 2; Fig. 3C ). Without SEPT6 overexpression, the interaction between SEPT12 and SEPT2, but not SEPT7, was dramatically reduced (Fig. 3A , line 3), indicating that SEPT6 is required for the interaction between SEPT12 and SEPT2 but disposable for that between SEPT12 and SEPT7 (Fig. 3C) . Without SEPT7 overexpression, the interactions between SEPT12 and SEPT2 as well as SEPT6 were dramatically reduced (Fig. 3A , line 4), indicating that SEPT12 interacts with SEPT6-SEPT2 through SEPT7. These results suggest the SEPT12-containing core complex is structured in the order SEPT12-SEPT7-SEPT6-SEPT2 (Fig. 3C) . We also observed weak signals in the absence of overexpressed SEPT6 and/or SEPT7 using high-exposure film (Fig. 3A , SEPT2-H and SEPT6-H panels), suggesting that SEPT12 associated with these septins through endogenous septins.
Septins in the same subgroup are often interchangeable at same position of the oligomeric complex (Kinoshita, 2003; Sellin et al., 2011) . We examined whether SEPT4 occupies the same position as SEPT2 in the SEPT12-organized complex. SEPT4 showed a similar interacting pattern to that of SEPT2 (Fig. 3B ). These data indicate that SEPT4 holds same position as SEPT2 in this complex (Fig. 3C ).
SEPT12 interacts with SEPT7-SEPT6-SEPT2 complex through its GTP-binding domain
Because the SEPT12-SEPT7 interaction is crucial for core complex assembly, we further examined the interacting domains by using truncated constructs of SEPT12 and SEPT7 in immunoprecipitation assays (supplementary material Fig. S2 ). The results showed that the GTP-binding domain (GBD) of SEPT12 interacted with the GBD of SEPT7 (Fig. 4A) . However, the C-terminus (C9) of SEPT12 did not interact with that of SEPT7. In addition, SEPT12 also did not interact with the C9 of SEPT7 (Fig. 4B ). These results indicate that SEPT12 and SEPT7 interact through their GBD domains, which is termed the Ginterface.
We further assessed whether mutations within the G-interface (SEPT12 D197N and SEPT12
T89M
) affected the SEPT12-SEPT7 association. The SEPT12 T89M mutation abolishes GTP hydrolytic activity, and the SEPT12 D197N mutation interferes with GTP binding . The conservation of human SEPT12 T89 and D197 were evaluated in other septin subfamilies by multiple sequence alignment. T89 was conserved in the SEPT2, SEPT3 and SEPT7 subgroups, whereas D197 was conserved in all septin subgroups (supplementary material Fig. S3 Fig. 4D) . Thus, the mutations within the G-interface of SEPT12 disrupted the SEPT12-SEPT7 interaction. In addition, the subcellular localizations were also examined by immunostaining. The results obtained with SEPT12 WT showed that over 80% of the SEPT7 colocalized with SEPT12
WT in the NT2/D1 cells (Fig. 4E ). However, the signals of the SEPT7 and SEPT12 mutants exhibited very little overlap in most cells analyzed. These data indicate that the G-interface of SEPT12 is crucial for the association of SEPT12 with SEPT7. In addition, wild-type (A) GFP-SEPT12, HA-SEPT2, Myc-SEPT6 and FLAG-SEPT7 were transfected into 293T cells as indicated, and lysates were immunoprecipitated (IP) with an anti-GFP antibody. IgG served as a negative control. The expression levels of SEPT2, SEPT6, SEPT7 and SEPT12 were measured using anti-HA, anti-Myc, anti-FLAG, or anti-GFP antibody, respectively. -H, highexposure film. Lanes showing 10% of the input are also present. (B) FLAG-SEPT12, HA-SEPT4, Myc-SEPT6 and GFP-SEPT7 were transfected into 293T cells, and lysates were immunoprecipitated with anti-FLAG antibody. The expression levels of SEPT4, SEPT6, SEPT7 and SEPT12 were measured using anti-HA, antiMyc, anti-GFP or anti-FLAG antibody, respectively. (C) Schematic diagrams of the SEPT 12-7-6-2 and 12-7-6-4 complexes.
SEPT12 formed filamentous structures with SEPT7, SEPT6, and SEPT2 in the NT2/D1 cells (Fig. 4F, top panel) , whereas the SEPT12 mutants failed to form filamentous structures and did not colocalize with SEPT7, SEPT6 or SEPT2 (Fig. 4F, bottom panels) . Interestingly, SEPT7, SEPT6 and SEPT2 still partially colocalized with each other in punctate particles (Fig. 4F, inset) . These findings indicate that the mutations within the G-interface of SEPT12 dissociated SEPT12 from SEPT7-SEPT6-SEPT2 and disrupted SEPT12 filament formation.
To further confirm the interaction between SEPT12 and the SEPT7-SEPT6-SEPT2 complex, we co-expressed SEPT7, SEPT6 and SEPT2 with either the wild-type or mutant SEPT12 in 293T cells from a cell line devoid of endogenous SEPT12. Wild-type but not mutant SEPT12 interacted with SEPT7, SEPT6 
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Journal of Cell Science (2015 Science ( ) 128, 923-934 doi:10.1242 and SEPT2 (supplementary material Fig. S4 ). Taken together, these results show that the GTP binding and GTP hydrolytic activities of SEPT12 are required for the association of SEPT12 with the SEPT7-SEPT6-SEPT2 complex, resulting in SEPT12 filament formation.
SEPT12 filament is elongated by SEPT12-SEPT12 interaction through NC-interface
Considering that SEPT complexes join end-to-end to polymerize into filaments, it is likely that SEPT12, which holds a terminal position in the octamer, self-dimerizes through the NC-interface. To test this model, plasmids encoding differentially tagged fulllength SEPT12 or its C-terminus were co-transfected into NT2/ D1 cells. We found that SEPT12 interacted with itself because GFP-SEPT12 was co-immunoprecipitated with FLAG-SEPT12 (Fig. 5A) . Moreover, Myc-SEPT12-C9 interacted with FLAG-SEPT12-C9 (Fig. 5B ). These data indicate that SEPT12 interacts with itself through the C-terminus. Because a high salt concentration abolishes septin complex polymerization (Sellin et al., 2011) , we performed immunoprecipitation under high-salt conditions to prove that SEPT12 filaments are elongated through the SEPT12 C-terminus. Plasmids encoding the differentially tagged C-terminus of SEPT12 were co-transfected into NT2/D1 cells. FLAG-SEPT12-C9 interacted with the HA-SEPT12-C9 under the low-salt conditions of immunoprecipitation (Fig. 5C , line 3). However, this interaction was dramatically reduced by high salt concentrations (Fig. 5C , line 2). These findings suggest that the SEPT12 C-terminus is responsible for septin complex polymerization. We further investigated whether the SEPT12 NC-interface is required for polymerization of the SEPT 12-7-6-2 complex into filaments. SEPT12-GBD, which lacks both the N-and C-termini of SEPT12, was expressed in NT2/D1 cells to examine whether this mutant could disrupt filament formation. The SEPT12-GBD associated with SEPT7, SEPT6 and endogenous SEPT2, suggesting that the SEPT12-GBD still interacted with SEPT7, SEPT6 and SEPT2 as the core complex (Fig. 5D) . However, the SEPT12-GBD disrupted the filament formation for all four septins (Fig. 5E ). These findings indicate that the SEPT12 mutant lacking N-and C-termini formed a complex with SEPT7, SEPT6 and SEPT2 but failed to polymerize into filaments. Thus, the NCinterface of SEPT12 is dispensable for interactions within core complexes but is required for the polymerization of the complexes into filaments. Taken together, these results suggest that the SEPT 12-7-6-2 complexes are elongated into filaments through the SEPT12 NC-interface.
The SEPT12 filament is crucial for the structural integrity and motility of the sperm tail To explore the manner by which the SEPT12 filament controls sperm functions, we studied the expression patterns of SEPT12, SEPT7, SEPT6, SEPT2 and SEPT4 in an infertile man carrying the SEPT12 D197N mutation. In the fertile control, immunofluorescence staining of the sperm showed strong SEPT12, SEPT7, SEPT6, SEPT2 and SEPT4 signals at the sperm annulus ( Fig. 6A-D) . However, all five septins were absent from the sperm annulus in the SEPT12 D197N patient, in whom the sperm had a defective annulus and bent tail (Fig. 6E-H) . These data suggest that defective GTP binding of SEPT12, which perturbs the formation of the SEPT12-7-6-2 and 12-7-6-4 filaments, disrupts the SEPT ring structure of the sperm annulus and results in a defective sperm tail.
To further address the role of the SEPT12 filament in sperm maturation, we generated SEPT12 mutant mice carrying a SEPT12 D197N mutation. The testis sizes of SEPT12 heterozygous and homozygous mutant males were normal compared with wild-type males, as shown by the ratio of the organ weight the body weight (Fig. 7A, top panel) . There was no significant difference in the number of spermatozoa isolated from the vas deferens. These data suggest that the SEPT12 mutant males had mature reproductive organs and normal mitotic and meiotic stages of sperm proliferation. However, sperm motility was reduced in the SEPT12 heterozygous mutant mice compared with the wild-type mice, and the SEPT12 homozygous mutant mice had more severe phenotypic alterations. These results demonstrate that the SEPT12 filament is required for sperm motility in a dose-dependent manner.
Next, we performed a morphological analysis of SEPT12 mutant sperm (Fig. 7A, middle and bottom panel) . SEPT12 heterozygous mutant mice showed no obvious morphological sperm defects in the head, annulus or tail structures. However, the sperm of the SEPT12 homozygous mutant mice were rarely normal, presenting with either a defective annulus or a bent tail. Evaluation of the expression patterns of SEPT12, 7, 6 and 2 in these mice indicated that the levels of SEPT12, SEPT7, SEPT6 and SEPT2 were slightly decreased at the sperm annulus in the SEPT12 +/D197N mice compared with the wild-type mice, and all four septins were absent in the SEPT12 D197N/D197N mice (Fig. 7B) . These results suggest that the sperm tail of the SEPT12 heterozygous mice might still maintain a normal appearance, but that the SEPT ring structure of the sperm annulus might be partially disrupted or the septin filaments at the sperm annulus might become unstable. In addition, the SEPT12 homozygous mice showed a disruption of the SEPT ring structure in the sperm annulus, resulting in sperm with a defective annulus and bent tail. Thus, SEPT12 filament formation is dispensable for the maturation of reproductive organs and sperm proliferation but is crucial for the structural integrity and motility of the sperm tail during postmeiotic differentiation of spermatogenesis.
DISCUSSION
In this study, we revealed the assembly order of the SEPT12-containing octamer complex, which is important for mammalian spermiogenesis (Fig. 8) . SEPT12 filaments consisted of core complexes composed of the SEPT proteins 12-7-6-2-2-6-7-12, and SEPT4, which belongs to the same subgroup as SEPT2, could also occupy the same position as SEPT2 in the complex. SEPT12 interacted with SEPT7 through the GTP-binding domain (G-interface) and interacted with itself through the NCterminus (NC-interface) to polymerize octamers into filaments. Two mutations within the GBD of SEPT12 (SEPT12 D197N and SEPT12 T89M ) resulted in its dissociation from the SEPT7-SEPT6-SEPT2 complex, perturbing SEPT12 filament formation. An infertile patient carrying an SEPT12 D197N mutation has an absence of SEPT12, SEPT7, SEPT6, SEPT2 and SEPT4 signals at the annulus due to disrupted SEPT12 filament formation, resulting in a defective sperm annulus with a bent tail. In addition, analysis of SEPT12 D197N/D197N mutant mice showed mature reproductive organs and a normal sperm count, but their sperm had a disorganized annulus, bent tail and reduced motility. These results indicate that the SEPT12 filament is specifically necessary for the terminal differentiation of germ cells. In conclusion, these findings illustrate that the SEPT12 octametric filament has an essential role of in the establishment of the annulus and sperm mechanical intensity during spermiogenesis.
Previous studies have shown that the human SEPT7-SEPT6-SEPT2 filament contains bound guanine nucleotides that are required for septin dimerization through the G-interface. Both SEPT2 and SEPT7 are GDP bound, and SEPT6 is GTP bound (Sirajuddin et al., 2007) . It has been shown that SEPT12 T89M and SEPT12 D197N mutants lose their GTP hydrolytic and binding activities, respectively . In this study, we further demonstrated that these mutants did not interact or colocalize with SEPT7 (Fig. 4) , suggesting that human SEPT12 is GDP bound, similar to rat SEPT12 (Steels et al., 2007) . We reasoned that SEPT12-SEPT7 dimerization was stabilized by the GDP-GDP interface in the SEPT 12-7-6-2 or 12-7-6-4 model. To date, only the filament comprising the SEPT proteins 7-6-2-2-6-7 has been characterized by crystallographic analysis. Kim et al. have implicated an octameric complex comprising the SEPT proteins 9-7-6-2-2-6-7-9 in midbody abscission during cytokinesis (Kim et al., 2011) . Both SEPT12 and SEPT9 belong to the SEPT3 subgroup of the septin family, which lacks the C-terminal coiledcoil domain (Mostowy and Cossart, 2012) . Our findings further strengthen the hypothesis that the assembly order of septin octamers is subgroup3-subgroup7-subgroup6-subgroup2-subgroup2-subgroup6-subgroup7-subgroup3. Although both SEPT9 and SEPT12 flank SEPT7-SEPT6-SEPT2 hexamers to form filaments, the roles of SEPT9-and SEPT12-depleted hexamers are different. In HeLa cells lacking SEPT9 expression, SEPT7-SEPT6-SEPT2 hexamers have been shown to adopt a suboptimal configuration, forming rudimentary filaments and smaller rings (Kim et al., 2011) . However, an infertile man and mutant mice carrying the SEPT12 D197N mutation, which resulted in the dissociation of SEPT12 from the SEPT7-SEPT6-SEPT2 complex, showed the absence of all four septins from the sperm annulus and sperm with a defective annulus and bent tail (Figs 6 and 7) . These findings imply that dissociation of SEPT12 from the SEPT7-SEPT6-SEPT2 hexamers disrupts their proper function and leads to the disappearance of these septins from the sperm annulus. Taken together, these results suggest that there is a function-or cellspecific regulation of the SEPT9-and SEPT12-associated SEPT7-SEPT6-SEPT2 hexamer.
The annulus is a septin-based fibrous ring structure connecting the midpiece and the principal piece of the mammalian sperm flagellum (Toure et al., 2011) . The absence of an annulus is implicated in flagellum differentiation defects and human asthenozoospermia (poor sperm motility) (Lhuillier et al., 2009) . Previous studies have demonstrated the presence of SEPT1, SEPT4, SEPT6 and SEPT7 in the sperm annulus (Ihara et al., 2005; Kissel et al., 2005) . Infertile men carrying either SEPT12 D197N or SEPT12 T89M have been demonstrated to have various sperm defects involving the disorganization of the annulus and asthenozoospermia . In addition, Sept4-null mice are sterile and have sperm with a defective annulus, bent tail and reduced motility, similar to an infertile man carrying SEPT12 D197N (Ihara et al., 2005; Kissel et al., 2005) . Although several studies have demonstrated the presence of septins in the sperm annulus, the organization of the septin ring structure remains unclear. Here, we identified the octameric filaments composed of the SEPT proteins 12-7-6-2-2-6-7-12 and 12-7-6-4-4-6-7-12 as structural components of the annulus, and that defective SEPT12 filament formation disrupted the SEPT ring structure and annulus, and motility of the sperm tail. Thus, the SEPT12 octameric filament is indispensable for the structural and mechanical integrity of sperm. In this study, we also found that SEPT4 and SEPT2 were in the same septin family subgroup and could hold the same position in the SEPT12 core complex. We speculated that other septins, such as SEPT1, which is a member of SEPT6 subgroup, could occupy the same position as SEPT6 in the SEPT12 complex. Future investigations will determine whether other septins are involved in the SEPT12 filament or form additional septin filaments that coordinate with these filaments to organize into the exact architecture of the annulus. SEPT12 +/D197N heterozygous mice displayed less severe deficiency compared with the infertile man carrying the SEPT12 D197N mutation (Figs 6 and 7) . There are several differences in spermatogenesis between humans and mice, including species-specific numbers of spermatogenic stages, sperm morphology and spermatogenic efficiency (Hess and Renato de Franca, 2008; Borg et al., 2010) . For example, the total duration of spermatogenesis is very long in humans compared with most mammals. In humans, the entire spermatogenic process lasts 70 days. However, it only lasts ,39-40 days in mice. By contrast, there are enormous variations in lifespan and reproductive span between the two species. Humans have a lifespan of ,70 years and a reproductive span of ,40 years. However, the lifespan and reproductive span of mice are only ,1.5-2 years and 1-2 years, respectively (Demetrius, 2005) . Therefore, the cumulative effects of mutant proteins might be different between the two species. Comparative analysis of human and mouse genomes has revealed that many mousespecific gene clusters are related to reproduction (Waterston et al., 2002) . Most mouse-specific clusters correspond to a single gene in the human genome. The 'reproduction' clusters contain genes that have roles in spermatogenesis, such as survival and the fertilizing efficacy of spermatozoa. These factors might account for the different sensitivities of sperm to mutations between humans and mice.
In conclusion, these findings provide new insights into the detailed organization of the sperm annulus. In addition, our findings reveal new pathways of spermatogenesis and a new cause of reproductive failure. Considering that SEPT12 is specifically expressed in germ cells and functions in terminal differentiation during spermiogenesis, it represents an ideal target for a reversible male contraceptive that would not interfere with hormone function and would lead to minimal side effects.
MATERIALS AND METHODS
Clinical information
The study was approved by the Institutional Review Board of the National Cheng Kung University Hospital and Kuo General Hospital, Taiwan and all clinical samples were obtained with informed consent of all participants. From January 2005 to July 2007, infertile men with abnormal semen parameters, as well as fertile men with normal semen parameters, were enrolled. The detailed clinical information and genotypes of the patients have been described previously . The patient and control subjects were Han Taiwanese, which is the major ethnic group in Taiwan (comprising more than 95% of the population).
DNA constructs, cell culture and transfection
Full-length complementary DNAs (cDNAs) of wild-type SEPT2 (GenBank NP_001008491.1), SEPT6 (GenBank NM_145799.3), SEPT7 (GenBank BC093642.1) and SEPT12 (GenBank NM_144605.4) were generated by PCR amplification of human testis cDNA (Human Total RNA Master Panel II; Clontech, Mountain View, CA). The sequences of these genes were retrieved from the NCBI database (http://www.ncbi. nlm.nih.gov/). SEPT7 and SEPT12 were cloned into the HindIII/BamHI and the HindIII/XbaI sites, respectively, of pFLAG-CMV-2 (SigmaAldrich, St. Louis, MO). SEPT12 was also cloned into the NheI/EcoRI sites of pEGFP-N1 (Clontech). SEPT2 and SEPT4 were cloned into the EcoRI/EcoRVsites and BamHI/XhoI sites of pCDNA3-HA (Invitrogen), respectively. SEPT6 was cloned into pCDNA3.1/myc-His (Invitrogen) at Fig. 8 . Working models for formation of SEPT12 filament fibers in sperm annulus. SEPT12 associates with SEPT7, SEPT6 and SEPT2 or SEPT4 to form the SEPT 12-7-6-2-2-6-7-12 and 12-7-6-4-4-6-7-12 filaments. SEPT12 interacts with SEPT7 through the GTP-binding domain (G-interface) and elongates the filament with the addition of the SEPT12 octamer through a self-interaction through the NC-terminus (NC-interface). The loss of the GTP binding (SEPT12
D197N
) and GTP hydrolytic activities (SEPT12
T89M
) of SEPT12 result in the dissociation of SEPT12 from the SEPT7-SEPT6-SEPT2 complex. Human and mouse SEPT12 D197N sperm showed a defective annulus and reduced motility, indicating that SEPT 12-7-6-2-2-6-7-12 and 12-7-6-4-4-6-7-12 filament formation is important for the establishment of the annulus and sperm motility. The dotted arrows indicate the elongation of the filament with the addition of the SEPT octamers. NC, the N-and C-termini of the septin proteins (NC-interface). G, the GTP-binding domain of septins (G-interface).
the KpnI/NotI sites. Mutant constructs (pEGFP-SEPT12 T89M and pEGFP-SEPT12 D197N ) were generated with the original pEGFP-SEPT12WT plasmids using a QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions. For the production of truncated septin proteins, DNA segments encoding the GTP-binding domains of SEPT12 and SEPT7 (amino acids 46-319 and 28-298, respectively) were generated by PCR and cloned separately into p3xFLAG-myc-CMV-26 (Sigma-Aldrich) and pEGFP-C3 (Clontech) at the HindIII/KpnI sites. A DNA segment encoding the C-terminal portion of SEPT12 (amino acids 258-358) was generated and cloned separately into the EcoRI/XbaI sites of p3xFLAG-CMV-14 (Sigma-Aldrich), the EcoRI/ XhoI sites of pCDNA3.1/myc-His (Invitrogen) and the EcoRI/XhoI sites of pCDNA3-HA (Invitrogen). Another DNA segment encoding the Cterminus of SEPT7 (amino acids 299-418) was also generated and cloned into the EcoRI/XhoI sites of pCDNA3-HA (Invitrogen). All constructs were verified by DNA sequencing analysis. For transient transfection, malignant human testis pluripotent embryonic carcinoma NT2/D1 cells were maintained in Dulbecco's minimal essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics. The NT2/D1 cells were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. After 48 h, the cells were harvested for immunofluorescence staining and immunoblotting.
Immunoprecipitation assay, western blot analysis and immunofluorescence staining
Lysates from transiently transfected NT2/D1 cells were immunoprecipitated with anti-GFP (Abcam, Cambridge, UK), anti-FLAG (Sigma-Aldrich, St. Louis, MO), anti-Myc (Abcam, Cambridge, UK) or anti-HA (Covance, Princeton, NJ) antibodies at 4˚C for 6 h on a rotator, followed by incubation with Protein-G-Sepharose (GE Healthcare, Buckinghamshire, UK) at 4˚C overnight. Beads were collected by a brief centrifugation and washed three times with PBS buffer. The precipitates were resuspended in SDS sample buffer and denatured at 95˚C for 5 min. For western blotting, proteins were separated by SDS-PAGE and blotted onto nitrocellulose membranes. The blots were incubated with anti-GFP (1:2000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-FLAG (1:2000), anti-Myc (1:3000) or anti-HA (1:5000) antibody. For immunofluorescence staining, human spermatozoa were stained with an anti-SEPT12 (1:100; Abnova, Taipei, Taiwan), anti-SEPT7 (1:50; Santa Cruz Biotechnology), anti-SEPT6 (1:100; Santa Cruz Biotechnology) or anti-SEPT2 antibody (1:200; Proteintech, Chicago, IL, USA) or MitoTracker Red 580 (Molecular Probes, Eugene, OR, USA) according to published procedures (Lin et al., 2009 ). The transfected NT2/D1 cells were fixed with 4% paraformadehyde in PBS, permeabilized with methanol, and blocked with antibody diluent (Dako, Glostrup, Denmark). The cells were incubated with an anti-GFP (1:800; Abcam), anti-FLAG (1:200), anti-Myc (1:400) or anti-SEPT12 (1:100) antibody at room temperature for 1 h and washed with TBST (0.02% Tween 20 in Tris-buffered saline) three times, followed by Alexa-Fluor-350-, Alexa-Fluor-488-, AlexaFluor-568-or Alexa-Fluor-660-labeled secondary antibody staining (1:200; Molecular Probes, Eugene, OR, USA) and a wash with 0.02% TBST. The nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI). The cells were then visualized with an upright fluorescence microscope (Olympus, Tokyo, Japan) or a multiphoton laser scanning microscope (FV1000MPE, Olympus) under identical settings.
Generation of SEPT12 D197N mice
A genomic fragment carrying the entire mouse Sept12 locus was constructed in a bMQ-374d12 BAC clone (Sanger Institute, Cambridge, UK). The genomic fragment of Septin12 constructed in pL253 was used to replace the wild-type allele of Septin12 in 129Sv mouse embryonic stem cells (ESCs). The missense mutation SEPT12 D197N (GAC to AAC) was introduced by PCR during the preparation of the targeting vector. The mutagenic primers used were 59-AATGGTCAGGCTG-TTAGCCCGGGCGATCAC-39 and 59-GTGATCGCCCGGGCTAACA-GCCTGACCATT-39. The entire sequence was verified by sequencing. The targeting vector was then transfected into 129Sv mouse embryonic stem cells by electroporation. ESC clones containing the targeted allele were selected and identified by Southern blot analysis. Several clones were isolated and transfected with a vector encoding Cre recombinase to excise the neo cassette and were then injected into C57BL/6J blastocysts. Chimeric males were bred with C57BL/6 females to produce heterozygous SEPT12D197N mice (F1). Homozygous SEPT12 D197N/D197N mice (F2) were produced by mating SEPT12 D197N mice (F1) with each other. Wildtype and and SEPT12 D197N/D197N littermates (F2) were bred, and tail genomic DNA was used for genotyping by PCR.
ClustalW multiple sequence alignment
Human septin family members were aligned using ClustalW2 program provided by EMBL-EBI (http://www.ebi.ac.uk/). The GenBank accession numbers for the SEPTIN proteins of Homo sapiens were as follows: SEPT1 (NP_443070.1), SEPT2 (NP_001008491.1), SEPT3 (isoform A, NP_663786.2; isoform B, NP_061979.3), SEPT4 (isoform 1, NP_004565.1; isoform 2, NP_536340.1; isoform 3, NP_536341.1), SEPT5 (NP_002679.2), SEPT6 (isoform A: NP_665798.1; isoform B: NP_055944.2; isoform D: NP_665801.1), SEPT7 (isoform 1, NP_001779.3; isoform 2, NP_001011553.2), SEPT8 (isoform A, NP_001092281.1; isoform B, NP_055961.1; isoform C, NP_001092282.1; isoform D, NP_001092283.1), SEPT9 (isoform A, NP_001106963.1; isoform B, NP_001106965.1; isoform C, NP_006631.2; isoform D, NP_001106967.1; isoform E, NP_001106964.1; isoform F, NP_001106968.1), SEPT10 (isoform 1, NP_653311.1; isoform 2, NP_848699.1), SEPT11 (NP_060713.1) and SEPT14 (NP_997249.2). The above information was obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/).
